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Solid—Liquid Equilibria of Mandelic Acid Enantiomers in Two Chiral Solvents:
Experimental Determination and Model Correlation

Samuel Kofi Tulashie*'" Henning Kaemmerer,* Heike Lorenz," and Andreas Seidel-Morgenstern’™*

Max Planck Institute for Dynamics of Complex Technical Systems, Sandtorstrasse 1, D-39106 Magdeburg, Germany, and
Otto von Guericke University, Institute of Process Engineering, Mailbox 4120, D-39106 Magdeburg, Germany

A study of the ternary solubility phase diagrams of enantiomeric mandelic acid speciesin the chira solvents
(9-¢ethyl lactate and (2R,3R)-diethy! tartrate has been carried out. The solubility measurements were conducted
for enantiomeric compositions between the racemic compound and the single enantiomer for temperatures
between (273 and 333) K. Experimental results showed no evidence of differences in the solubility of both
enantiomers in both chiral solvents. The ideal solubility curves of the mandelic acid species as well as of
the racemic compound revealed large deviations from experimental data. The nonrandom two-liquid (NRTL)
model was applied to quantify and parameterize the solid—liquid equilibria (SLE) by means of activity
coefficients. Hereby, pronounced solute—solute interactions were found, while solvent—solute interactions

were interpreted as being nonchiral specific.

Introduction

The majority of the pharmaceutical drugs synthesized are
obtained in the form of racemates, that is, as 1:1 mixtures of
both enantiomers. Enantiomers play an essential function in
biological activity. Normally, biological systems exhibit awell-
defined capacity to differentiate between two enantiomers of a
compound. Often only one enantiomer exhibits the preferred
physiological effect, so there is the need to separate the
racemates into their constituent single enantiomers. Hence, the
Food and Drug Administration (FDA) demands regulation for
enantiopure products.* On the basis of the importance of pure
single enantiomers and the large chiral market, efficient produc-
tion of enantiopure substancesis very lucrative. Enantioselective
crystallization is considered to be an appropriate move toward
the separation of enantiomers. Herein, crystallization from chiral
solvents>® is an attractive technique in enantioselective crystal-
lization processes, on the basis of the expectation that the solvent
can create selective interactions to the chiral molecules and lead
to differences in solubilities. These differences might be
employed for resolution purposes.

A literature search reveals that there is a lack of systematic
experimental work evaluating the application of chiral solvents
and quantifying the corresponding solubility data. Moreover,
available solubility data of chiral substances in chiral solvents
are limited to distinct measurements with the pure enantiomers.
For example, Yamamoto and Y amamoto® reported pure enan-
tiomer solubilitiesfor achira cobalt sat in (2R,3R)-(+)-diethyl
tartrate and described measurable differences between them.
Furthermore, Amaya® provided a theoretical framework to
account for the differencesin solubility between p- and L-optical
isomers in a chira solvent, without presenting experimental
evidence.

(9- and (R)-enantiomers of mandelic acid have been used
as resolving reagents in classical resolution for a wide variety
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of racemates.® Furthermore, the pure (R)-mandelic acid is used
asaprecursor for the synthesis of cephal osporin and penicillin.”
Mandelic acid has bacteriostatic properties, and it is administered
for the treatment of urinary tract infections, that is, from either
calcium or ammonium salt.2 The racemic form of mandelic acid
is also utilized in the mandelate (ester) form as a relevant
pharmaceutical constituent because of its analgesic, antirheu-
matic, and spasmolytic effects (Mandrophine and Spasmocy-
clon).® The data basis available for mandelic acid is limited to
nonchiral solvents. Lorenz et al.® determined the ratio of the
mandelic acid enantiomers in water at the symmetric eutectic
compositions to 0.69 and 0.31. In particular the possibility that
the eutectic composition in solution is affected by the presence
of the chiral solvent can be of interest for the development of
resolution purposes. Linked to the eutectic composition are
possible changes to the shape of the solubility isotherms, which
are important for process yield estimation. This aspect is not
necessarily chiral-specific. Thus, the approach within this paper
is not limited to the presence of chiral-specific solute—solvent
interactions.

The present work is concerned with a systematic determina-
tion of ternary solid—liquid phase equilibria (SLE) of mandelic
acid in two chiral solvents, namely, (S-ethyl lactate and (2R, 3R)-
diethyl tartrate, in a reasonable temperature range. The ideal
solubility of (S)-mandelic acid and racemic mandelic acid was
calculated and compared to experimental data. The nonrandom
two-liquid (NRTL) model was applied to correlate the deter-
mined experimental data using activity coefficients. Finaly,
ternary solubility diagrams were predicted for different solubility
isotherms and compared to determined data.

Experimental Section

Materials: Racemic mandelic acid, (S-(+)-mandelic acid (1),
and (R)-(—)-mandelic acid (2), were supplied from Merck
KGaA, Darmstadt, and Sigma-Aldrich Chemical Co. with
purities of > 99 %. As solvents, (S)-(—)-ethyl lactate (3) and
(2R,3R)-(+)-diethyl tartrate (4) from Fluka/Sigma-Aldrich
Chemical Co. with purities of = 99 % were used. For high
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performance liquid chromatography (HPLC) analysis, 2-pro-
panol from Merck KGaA, Darmstadt, with a purity of > 99.5
% was applied.

Apparatus and Procedure: Solubility measurements for
mandelic acid were performed in (S)-ethyl lactate and (2R,3R)-
diethyl tartrate at temperatures between (0 and 25) °C and (25
and 60) °C, respectively. A classical isotherma method was
applied. It involved by preparing a solvent + solute mixture of
known composition with solid in excessin a10 mL glassvessd,
which was put into a thermostatted apparatus (RC6 CP Lauda,
Germany) and magnetically stirred at a constant temperature
(within £ 0.01 K) until equilibrium was attained. Subsequently,
the liquid and solid phases were separated and analyzed. For
analysis the saturated solution was filtered with a glass filter
(pore size of 10 um), and samples of (1 to 3) mL were
withdrawn from the filtrate for double analysis. The concentra-
tions and the enantiomeric excess were determined by means
of chiral HPLC after dilution with 2-propanol. An Agilent HP
1100 unit with a Chiralcel OD-H column (Astec, 250 x 4.6
mm/5 um) was employed. The column temperature was 25 °C,
and the flow rate was set to 1.0 mL -min~t. A UV diode array
detector was used for peak detection at a wavelength of 254
nm. The eluent fractions by volume were as follows. (a)
mandelic acid in (9-ethyl lactate: ¢ (n-hexane) = 0.84, ¢ (2-
propanol) = 0.16, and ¢ (trifluoroacetic acid) = 0.001; and (b)
mandelic acid in (2R,3R)-diethyl tartrate: ¢ (n-hexane) = 0.9,
@ (2-propanol) = 0.1, and ¢ (trifluoroacetic acid) = 0.001.

The solid phases of all samples were studied by X-ray powder
diffraction (XRPD), using a PANalytical X’ Pert Pro diffracto-
meter (PANalytical GmbH, Germany) with Cu Ko radiation.
The samples were measured on Si sample holders and scanned
between a diffraction angle of (3 and 40)° with step size of
0.017° and counting time of 50 s per step. These measurements
were undertaken to identify the type of species present and also
to check for differing solid state forms (solvates and/or
polymorphs).

The time needed to attain equilibrium was studied for rac-
mandelic acid and (S)-mandelic acid in (S)-ethyl lactate at 15
°C. Liquid phase samples were collected at defined time intervals
from the suspension, and the concentrations were determined
by chiral HPLC analysis. Similar experiments were conducted
for mandelic acid speciesin (2R,3R)-diethyl tartrate. The results
illustrated that equilibrium for both solvents was aready attained
after (3 and 2) h for racemic mandelic acid and (S)-mandelic
acid, respectively. However, to guarantee thermodynamic
equilibration for all measurements conditions, the experimental
time was fixed to at least 24 h.

Mole fraction solubility X as used for the following equations
is defined as:

n.

: 1)

n.

Xi=

4
i=1
with i being one of the constituents explained above and n; the
molar amount of the latter. The summation covers aways the
two enantiomers and either (S)-(—)-ethyl lactate or (2R,3R)-
(+)-diethyl tartrate. In addition mass fraction solubility w;
according to eg 2 is used in this paper, since this simplifies
process design based on graphical representations of, for
example, ternary phase diagrams. Herein, m represents the mass
of the constituent i.

_om
2m
i=1

To assess the SLE of mandelic acid in (9-ethyl lactate
comprehensively, we determined the ternary phase diagram.
Thorough solubility measurements were carried out between
(0 and 25) °C for the single enantiomers and the eutectic and
the racemic compositions. Moreover, to check for asymmetry
in the phase diagram, various compositions were measured along
the 15 °C isotherm ranging from the racemic compositions to
the single enantiomers.

Analogously, solubility measurements were performed for
different ratios of mandelic acid enantiomersin (2R,3R)-diethyl
tartrate at temperatures ranging from (25 to 60) °C. The high
viscosity of (2R,3R)-diethyl tartrate at lower temperatures made
stirring difficult, but measurements were still feasible.

The reproducibility of the solubility measurements was
studied by repeating four experiments under the same conditions.
The measurements were conducted with racemic mandelic acid,
(9-mandelic acid, and (R)-mandelic acid in both (9-ethyl lactate
and (2R3R)-diethyl tartrate at the lowest and the highest
temperatures considered here, that is, at (0 and 25) °C and (25
and 60) °C, respectively. The standard deviations (SD) were
calculated by eq 3 with n being the number of experiments and
wi and W being the mass fraction solubility and the mean
solubility, respectively.

_ 1 .
SD = \/n = 1kgl(wk w)? A3)

The uncertainties are compiled in Table 1. The table contains
only the SD for (S-mandelic acid solubilities in the chiral
solvents, since the same measurement technique was used for
the other mandelic acid species. The SDs for racemic mandelic
acid solubilities are in the same range.

Wi

)

Theoretical Section

A first estimation of binary solubility can be derived on the
basis of the classical equations by Schroder and van Laar.®
In thermodynamic equilibrium the chemical potential of all
species in all phases is identical, or more specifically, the
fugacity of a dissolved solute equals the fugacity of the
undissolved species in the solid state (eq 4).
fl =12 @)

Often, interactions in the solid phase are treated as ideal, and
the mutual solubility of both the solid and the liquid phase is
neglected. Thus, only the fugacity of the dissolved fraction of
the more soluble substance (here: the enantiomers) is considered,
and eq 5

Table 1. Error Analysis of Solubility Determination Procedure®

(9-mandelic acid (1) in (9-mandelic acid (1) in

t (9-¢ethyl lactate (3) (2R,3R)-diethyl tartrate (4)
°C n SD n SD
100 w 100 w
0 4 0.36
25 4 0.60 4 0.36
60 4 0.51

238D according to eg 3; number of experimentsis n.
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can be rearranged into eq 6.
f!

In(f_?,) = In(¢™y}) (6)

The equation by Schroder and van Laar (eq 7) was applied
here in its simplified form (eq 8) without the contribution of
the heat capacity terms which tend to compensate mutually.

A H Ac, (T
= sl T _P'(ﬂ _ )
In(<™y) RT (T 1) + =T 1t

o
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The ideal solubility (x¥) of a compound can readily be
computed with the knowledge of the calorimetric properties of
the solute (ArusHi, Tmi) by setting in eq 8 the activity coefficient
yi' to unity. The enthalpy of fusion As;¢H; and the melting
temperature Tp,; of (§-mandelic acid and racemic mandelic acid
have been used in this study as determined by Lorenz et al.*®
The increase of solubility with temperature (for a constant
enthalpy of fusion) is not related to the type of solvent within
this expression, and thus, often additional corrective terms are
required to express the real solution behavior. Gibbs excess
models have proven to be suitable tools to estimate nonidesal
behavior of chiral moleculesin nonchira solvents,***2 and they
are frequently applied to quantify nonideal solvent—solute
interactions and to gain better model accuracy. The model
parameters of the approaches by Wohl, Margules, Wilson, and
also the nonrandom two-liquid model (NRTL) can be found by
a fit of model predictions to experimental data, for example,
by least-squares routines. Careful parameter identification using
experimental data of binary subsystems can allow the prediction
of multicomponent systems.**** The models above have in
common that they can be extended to include the formation of
complexes in the solid phase which is known for the majority
of chiral systems.*® The formation of a racemic compound in
the solid phase causes large differences in the solubility, whose
magnitudes can be predicted on the basis of the nonided
solubility behavior of the enantiomers. The multicomponent
NRTL model eq 9 can be applied to two components (c = 2)
in the case of a single enantiomer in solution and for three
components (¢ = 3) in the case of a racemic mixture of the
enantiomers (i,j: constituents).

C c
25G% xG D %74Cy
< G =
In(y) = = + N L T
=1
2.Gx %Gy 2 %8y
=1 k=1 k=1
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The temperature dependency of activity coefficients is
incorporated into the model by eqs 10 and 11, introducing two
energy parameters, g; and g;. The nonrandomness parameter
;i is given by egs 12 and 13.

7y = gjiRTgii (10)
5y = ginTgii (11)
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G; = exp(—oyj) (12)
G; = exp(—oy) (13

The NRTL model (eq 9) alows the correlation of eq 8 and
experimental solubility data. Therefore, a set of three parameters
for every binary subsystem is used. In principle there are three
binary interactions to consider: (i) solvent and (S)-enantiomer,
(ii) solvent and (R)-enantiomer, and (iii) (R)-enantiomer and
(S)-enantiomer, leading to nine independent parameters. The
species of the racemic compound exists in the solid state only
and was not considered for that reason. In principle, systems
of enantiomers in nonchiral solvents should allow the substitu-
tion of the solute/solvent interactions of one pair by the other
and thus the removal of three parameters by assuming giz =
O23, U31 = Oz, and a3 = 0p3. Experimental data must prove
whether these assumptions hold for chiral solvents or whether
the equalities above are wrong and the six parameters (a3, gia,
Os1, 023, O23, @nd gsp) Need to be determined. In recent literature
the heterochiral interactions among the enantiomer pairs are
often considered to be negligible.>*%%" Using this assumption
here would allow the removal of afurther three parameters (a2,
012, and gz;), which simplifies the model significantly. Only
the parameters a3 (equals az;), g1z, and gs; remained for that
case (egs 10 to 14). g; can be chosen freely as areference state.

The objective function for all parameterizations including the
number of experiments N is given by eq 14. A Matlab
(MathWorks, U.S.) routine using a Nelder-Mead optimizer with
boundary conditions was used to identify suitable NRTL
parameters for (S)-mandelic acid in the two chiral solvents.
Therefore, the difference in the composition-depending solution
temperature T®° at saturation and the corresponding T in each
of the two solvents was minimized.

N Tﬁi(p(x) - Tlg?lc(aijygij!gjiax) 2

k=1 Tei ()

OF = min

(14)

Assuming a binary system of two enantiomers, which forms
a crystalline compound of 1:1 composition, the eutectic point
is found in between a composition consisting of the pure
enantiomer only and the racemic compound. The analogue to
eq 8 above has been derived by Prigogine and Defay® and
allows computing the liquidus line with the originating node at
the dystectic point and therefore the solubility of the racemic
compound. The calorimetric properties of the racemic com-
pound, namely, the enthalpy of fusion and the melting point
(AtusHrac, Tmrac) Need to be known.

T T

m,rac

M( L -3 (15)

In4>qxj =R

The analytical derivation for eq 15 is briefly repeated in the
Appendix; it reveals resemblance to the equation by Schrdder
and van Laar (eq 8). The point of intersection of the egs 8 and
15 gives the eutectic composition of the binary compound
forming mixture. It is possible to account for nonidealities in
the solubility of the racemic compound by the use of the same
activity coefficients as derived for the enantiomers in solution.
This holds true as long as heterochiral enantiomer/enantiomer
interactions are neglected.
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A USHT&:
In[4xy5%y]] = fT(Tl - %) (16)

m,rac

R \T T

m,rac
We substitute the fraction of one enantiomer by the fraction
of the other, since the racemic compound is present in the liquid
phase in form of an equimolar ratio of the two enantiomers.
Subsequently, eq 16 can be further simplified and was applied
here in form of eq 17.

AUSHI'BC
In[4(xf*")2(y!)2]=f—( 1 —1) (17)

Results and Discussion

The solubility data measured are summarized in Tables 2 and
3. No additional or new phases were identified other than the
racemic compound and the enantiomers from the crystal lattice
analysis by XRPD. In Figures 1 and 2 the experimentally
determined binary solubilities of both enantiomers, (S)-mandelic
acid and (R)-mandelic acid, and the racemic mandelic acid first
in (9-ethyl lactate and second in (2R,3R)-diethy! tartrate are
presented as a function of temperature (symbols). In addition,

Table 2. Mass Fraction Solubility (w;) of (S)-Mandelic Acid (1) and
(R)-Mandelic Acid (2) in (S)-Ethyl Lactate (3) at Different
Enantiomeric Excesses (eg) [ee = (w; — Wy)/(w;y + Ws)] and
Temperatures

100 ee 100 (w; + W) 100 wy 100 w, 100 w;

t=0°C
100.00 17.22 17.22 0.00 82.78
37.00 22.20 15.20 7.00 78.80
0.00 21.18 10.59 10.59 78.82
37.36 22.00 6.89 1511 78.00
100.00 17.20 0.00 17.20 82.80
t=5°C
100.00 18.30 18.30 0.00 81.70
38.32 23.78 16.45 7.33 76.22
0.00 23.07 11.53 11.53 76.94
40.74 24.17 7.16 17.01 75.83
100.00 18.58 0.00 18.58 81.42
t=15°C
100.00 21.50 21.50 0.00 78.50
98.70 21.51 21.37 0.14 78.49
90.34 21.85 20.79 1.06 78.15
72.74 24.99 21.58 341 75.01
61.38 24.72 19.95 4.77 75.28
52.68 26.42 20.17 6.25 73.58
42.96 26.78 19.14 7.64 73.22
40.78 28.14 19.81 8.33 71.86
32.16 2741 18.11 9.30 72.59
22.56 27.72 16.99 10.73 72.28
12.36 2591 14.56 11.35 74.09
0.00 25.10 12.55 12.55 74.90
2.82 25.17 12.23 12.94 74.83
13.82 25.55 14.54 11.01 74.45
23.96 26.69 16.54 10.15 7331
35.22 26.50 8.58 17.92 73.50
43.62 27.80 7.84 19.96 72.20
44.20 26.81 7.48 19.33 73.19
55.50 24.95 5.55 19.40 75.05
66.46 24.93 4.18 20.75 75.07
78.08 24.25 2.66 21.59 75.75
87.70 2221 1.37 20.84 77.79
87.84 22.86 1.39 21.47 77.14
95.00 21.68 0.54 21.14 78.32
100.00 21.50 0.00 21.50 78.50
t=25°C
100.00 25.17 25.17 0.00 74.83
38.00 32.27 22.26 10.01 67.73
0.00 30.61 15.34 15.27 69.39
38.00 32.27 10.01 22.26 67.73
100.00 25.02 0.00 25.02 74.98

Table 3. Mass Fraction Solubility (w;) of (S)-Mandelic Acid (1) and
(R)-Mandelic Acid (2) in (2R,3R)-(+)-Diethyl Tartrate (4) at
Different Enantiomeric Excesses (ee) [ee = (w; — w)/(w; + wy)] and
Temperatures

100 ee 100 (w; + W) 100 wy 100 w, 100 w,

t=25°C
100.00 13.34 13.34 0.00 86.66
66.84 15.08 12.58 2.50 84.92
55.26 17.03 13.22 381 82.97
40.36 19.54 13.71 5.83 80.46
1.32 16.84 8.53 831 83.16
41.32 20.05 5.88 14.17 79.95
100.00 13.24 0.00 13.24 86.76
t=35°C
100.00 17.03 17.03 0.00 82.97
70.00 19.26 16.37 2.89 80.74
54.48 21.58 16.67 491 78.42
38.18 24.93 17.22 7.71 75.07
17.90 23.71 13.98 9.73 76.29
37.02 24.93 7.85 17.08 75.07
0.20 21.36 10.70 10.66 78.64
100.00 17.01 0.00 17.01 82.99
t=45°C
100.00 20.00 20.00 0.00 80.00
76.86 23.25 20.56 2.69 76.75
55.96 26.99 21.05 594 73.01
39.94 3112 2177 9.35 68.88
23.50 29.15 18.00 11.15 70.85
37.80 3115 9.69 21.46 68.85
0.20 25.68 12.87 12.81 74.32
100.00 19.11 0.00 19.11 80.89
t=50°C
100.00 22.87 22.87 0.00 7713
36.72 32.49 2221 10.28 67.51
37.86 32.30 10.04 22.26 67.70
0.54 29.44 14.80 14.64 70.56
100.00 22.28 0.00 22.28 77.72
t=55°C
100.00 24.15 24.15 0.00 75.85
38.04 36.63 25.28 11.36 63.37
39.02 35.95 10.96 24.99 64.05
0.20 31.66 15.86 15.80 68.34
100.00 24.10 0.00 24.10 75.90
t=60°C
100.00 26.07 26.07 0.00 73.93
36.82 41.98 28.72 13.26 58.02
37.86 40.50 12.58 27.92 59.50
0.54 36.45 18.32 18.13 63.55
100.00 26.31 0.00 26.31 73.69

the ideal solubility of a single enantiomer of mandelic acid and
the racemic mandelic acid in the two chiral solvents have been
shown (thick lines). The solubility data were in the same range
for both solvents at 25 °C, while the racemic mandelic acid
was found to be generaly better soluble than the single
enantiomer. The effect of temperature on solubility is more
pronounced in (2R,3R)-diethyl tartrate for the temperature ranges
considered.

While the idedl solubilities of both the racemic mandelic acid
and the enantiomer in (S§-ethyl lactate and (2R,3R)-diethyl
tartrate were cal culated to mass fractions of the enantiomers of
0.04t0 0.1 and 0.05 to 0.16, respectively, the determined values
have been much higher (0.17 to 0.25 and 0.14 to 0.27) and thus
exhibited a significant deviation from ideal solubility for both
chira solvents. This raised the question of whether the gap is
due to speciation of the acid or other pronounced binary
interactions with the two solvents. The NRTL model as applied
here accounts for the latter, and model parameterization was
done with negligible deviations for the (S)-enantiomer. The
NRTL model (thin solid lines in Figures 1 and 2) resembles



40, T T

3of B

100 w.

970 2éo 2§0 300
TIK

Figure 1. Solubility of O, (S-mandelic acid (1); ®, (R)-mandelic acid (2);
and O, racemic mandelic acid ((1) and (2) in equal proportions) in (S-
ethyl lactate (3) between (273 and 298) K. Symbols and error bars according
to measurements. Lower thick lines: ideal solubility of the enantiomer (solid)
and the racemic compound (dashed). Upper thin lines: NRTL model
predictions for (S-mandelic acid (solid), racemic mandelic acid w/o
heterochiral interactions (dotted), and racemic mandelic acid with hetero-
chiral interactions (dashed).
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Figure 2. Solubility of O, (S-mandelic acid (1); ®, (R)-mandelic acid (2);
and O, racemic mandelic acid ((1) and (2) in equal proportions), in (2R,3R)-
diethyl tartrate (4) between (298 and 333) K. Symbols and error bars
according to measurements. Lower thick lines: ideal solubility of the
enantiomer (solid) and the racemic compound (dashed). Upper thin lines:
NRTL model predictions for (S)-mandelic acid (solid), racemic mandelic
acid w/o heterochiral interactions (dotted), and racemic mandelic acid with
heterochiral interactions (dashed).

the determined values quite closely. Since the solubilities for
both enantiomers, (§)- and (R)-mandelic acid, are the same, the
NRTL model was only plotted for the (S)-mandelic acid. The
binary parameters used and the remaining model deviations are
givenin Table 4. The prediction of the solubility of the racemic
mandelic acid based on the activity coefficients for the enan-
tiomer (dotted line, Figures 1 and 2) was improved significantly
in comparison with the large gap between ideal solubility and
experimental values. Nevertheless, larger deviations remained.
It was assumed that this was due to pronounced heterochiral
interactions among the enantiomers, which were not yet
incorporated in the model and required a reparameterization of
the model by introducing the parameters a.1», g1z, and gz1. The
already obtained parameters o1z, i3, Ja1, 023, O3, aNd gz, Were
set fixed, and eq 14 and the solubility of the racemic compound
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Table 4. Binary NRTL Model Parameter for the Two Systems:
(S)-Mandélic Acid (1) + (S)-(—)-Ethyl Lactate (3)/
(2R,3R)-(+)-Diethyl Tartrate (4)*

solvent
(9-ethyl (2R,3R)-diethyl
parameterization lactate (3) tartrate (4)
oy 5.7533-10°* 4.0104-10°*
Oy —2.9342 kJ-mol * 2.5269-10* kJ-mol *
o1 3.1028:10% kJ-mol™*  —3.2356-10° kJ-mol *
model enantiomer 7.8386:10° K 3.9479-10 5K
deviation
racemic 3.8:10°K 3.3:103K
compound
g 1.9408-1072 9.79748-107*
Oi2 —1.0042+10° kJ-mol ! 2.16631-10° kJ-mol *
O21 1.06910-10°kJ-mol~*  1.41879-10° kJ-mol~*
model enantiomer 7.8386:10° K 3.9479-10 5K
deviation
racemic 7.4707-10°K 3.3155-10°K
compound

@ Deviation from experimental data is calculated according to eq 14
with and without additional parameters (o2, 912, and gy;) to account for
heterochiral interactions.

0.4 1

0.3 1

273 2é3 31‘3 333
T/K
Figure 3. Activity coefficients of mandelic acid enantiomers (homochiral)
in (9-ethyl lactate (dashed line) and (2R,3R)-diethyl tartrate (solid line) at
saturation in the considered temperature range.

were used to estimate suitable parameters to express the
heterochiral solute—solute interactions. The obtained additional
parameters and the remaining errors for both systems are given
in Table 4.

The rather large deviations from idedlity in both chiral
solvents is exemplified in Figure 3 by means of plotting the
theoretical activity coefficients of the (S)-mandelic acid as a
function of temperature. While the values in (2R,3R)-diethyl
tartrate were already far from unity, the deviation from ideality
in (9-ethyl lactate is even more pronounced. The small activity
coefficients account for the large solubility difference between
ideal and experimentally observed solubility. In addition, the
order of nonideality in the two solvents is visible.

A more comprehensive compilation of the activity coefficients
according to the NRTL model also for under-/ and supersatu-
rated solutions is given in Figures 4 and 5. The activity
coefficients relevant for the determined solubility isotherms can
be found on the thick lines and correspond to the values in
Figure 3.

Figures 6 and 7 compare the predicted ternary solubility
phase diagrams and measurements of the mandelic acid
enantiomers in (S)-ethyl lactate and (2R,3R)-diethyl tartrate,
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Figure 4. Temperature (arrow points towards higher temperatures, T =
(270.15, 276.15, 282.15, 288.15, 294.15, and 300.15) K) and composition
dependency of activity coefficients of mandelic acid enantiomers (homo-
chiral) in (S)-ethyl lactate according to the NRTL model for the given
temperatures and solution compositions. Activity coefficients of the saturated
solution as used in Figures 1 and 3 are shown additionally (thick line).
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0.45
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Figure 5. Temperature (arrow points towards higher temperatures, T =
(298.15, 305.15, 312.15, 319.15, 326.15, and 333.15) K) and composition
dependency of activity coefficients of mandelic acid enantiomers (homo-
chiral) in (2R3R)-diethyl tartrate according to the NRTL model for the
given temperatures and solution compositions. Activity coefficients of the
saturated solution as used in Figures 2 and 3 are shown additionally (thick
line).

respectively. The liquid phase is in equilibrium with the
corresponding solid phase of the crystalline enantiomer
(Figure 6, left upper corner, dashed tie lines) for ratios of
the enantiomers within (0 to 31) % and (69 to 100) %, while
ratios of (31 to 69) % of the enantiomers in the liquid phase
are in equilibrium with the crystalline racemic compound
(Figure 6, left upper corner, dotted tie lines). The solubility
isotherms confirm the compound-forming character of the
mandelic acid system. The diagrams show symmetrical mirror
images with respect to the racemic axis rather than asym-
metrical ones which are generally possible in the case of
chiral solvents. The symmetry verification was supported by
detailed measurement of the solubility isotherm at 15 °C.
The predicted solubility isotherms are in good agreement with
the measured solubility pointsin (S)-ethyl lactate in particular
for lower temperatures. The determined solubility pointsin
(2R,3R)-diethyl tartrate are worse when represented by the

(S)-Ethyl lactate

(8)-Ethyl lactate (3)
0

(S-MA  (rac}MA  (R)-MA

100w, (R)-MA (2)

(S)-MA (1)

Figure 6. Predicted ternary phase diagram of the mandelic acid enantiomers
in (9-ethyl lactate (3): according to the NRTL model and measurement
data for four solubility isotherms (O, 273.15 K; %, 278.15K; ¢, 288.15K;
and M, 298.15 K). Schematic overview (figure, upper left) with proposed
tie lines linking the corresponding solid phases.

(2R,3R)-Diethyl tartrate (4)

50
(8)-MA (2)

(S)-MA (1) 100w,
Figure 7. Predicted ternary phase diagram (upper section) of the mandelic
acid enantiomers in (2R,3R)-diethyl tartrate (4) according to the NRTL
model and measurement data for five solubility isotherms (O, 298.15 K;
*, 328.15 K; ¢, 318.15 K; W, 323.15 K; O, 328.15 K; and @, 333.15 K).
The dashed lines highlight eutectic compositions.

NRTL model prediction; the agreement is again better for
lower temperatures. The solubilities in the outer two-phase
region of the phase diagram are better captured than those
for the inner two-phase region. The worst agreement is found
for the solubilities at the eutectic compositions, while the
eutectic compositions are fairly good when derived by the
model. The ratio of the enantiomers at the symmetric eutectic
compositions remained unchanged with temperature at 0.69
and 0.31 (dashed lines, Figure 7) in both solvents as it was
also reported in earlier results for nonchiral solvents.'® The
same general shape of the solubility isotherm was observed



in both figures. Considerations with regard to crystallization-
based separation of mandelic acid enantiomers taking into
account solution thermodynamics and kinetics by applying
chiral solvents are described in refs 19 and 20.

Conclusions

The SLE of the compound-forming system mandelic acid
in two chiral solvents, (S)-ethyl lactate and (2R,3R)-diethyl
tartrate, were studied. Detailed solubility data in the ternary
systems have been presented and compared to model predic-
tions. No asymmetry in the ternary solubility phase diagram
was found with respect to the thermodynamic properties,
which implies that there was no distinct chiral recognition
in the liquid state between the chiral solute and the chiral
solvent molecules. Consequently, the deviation from ideal
solubility is not enantioselective and could be treated as
nonchiral. Thus, it was possible to substitute the model
parameters for the (S)-mandelic acid—solvent interactions by
(R)-mandelic acid—solvent interaction parameters. Solubility
data of one enantiomer were correlated with the NRTL model
to derive the solubility of the racemic compound. It was
shown that heterochiral interactions between the mandelic
acid enantiomers cannot be neglected, since a larger gap
remained between the predicted solubility of the racemic
compound and the experimental values. Therefore, the NRTL
model was extended by three parameters to account for these
(symmetric) heterochiral interactions, and model predictions
were improved.

Appendix

The analytical solution to equation 16 by Prigogine and Defay
is briefly repeated in the following. It is helpful to introduce
the total differential of the Gibbs free energy to relate the
chemical potential to affinity (egs | and I1).

_ (3G
dG = (aT)pndT+(

G
p/T

A partia derivation of the Gibbs free energy with respect to a
reaction progress variable ¢ at constant pressure and temperature
links eq | to the affinity A of (eq I1). Prigogine and Defay used
asimilar expression, while we refer here to eq Il according to

| oo+ Tuan ()

I[UPAC.*®
G _
(8C) =A an
A= o = Vitli = Vit dD)

For assumed isothermal/isobaric conditions, equilibrium
between the formation of the racemic compound in the solid
phase and the corresponding two dissolved enantiomers can
be derived as shown in eq Ill. The indices i,j of eq Il
represent the chemical potential of the two counter enanti-
omersin the liquid phase, while the racemic compound (solid
phase) is represented by uf.. The stoichiometric coefficients
vi; for each enantiomer can be set to unity, since the racemic
compound is considered to consist of equimolar amounts of
the two enantiomers. The affinity or, analogously, the
derivative of the Gibbs free energy becomes zero in
thermodynamic equilibrium, and here the chemical potential
of the solid racemic compound will equal the sum of the
chemical potentials of the enantiomers in the liquid phase.

Equation |V was derived by Prigogine and Defay*® from the
total differential of the affinity A over temperature. For a
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negligible pressure change and a differential change in the
affinity of dA the equation V can be followed.

A H Vv 1(0A
d(?) = ST — Jdp + T(&)n dx av)
dp) = AT HdT + (3A) o V)
0% )7

Partial derivation of eq Il with respect to the composition
0A/ox and the Gibbs—Duhem equation for a binary system
yields eq VI. In thermodynamic equilibrium the affinity as
well as the differential of the affinity becomes zero, and eq
VIl follows.

! N\ o

X]! V; 8,u!

(i)
2—£=— A )

Equation X can be derived using the equations above in
conjunction with the definition of the chemical potential of an
ideal system (eq VIII) and its derivation with respect to
composition (eq 1X).

1= u(p,T) + RTInx V1)
| _RT
(aﬁ)m X 0
Y H
(x] ) X = R_T2 aT X)

A racemic composition of x; = 0.5 is usually chosen as the
lower integration boundary, and the melting temperature and
the heat of fusion of the racemic compound (AsusHrac, T, rac)
are applied. This leads to eq XI, which can be transferred
through simple agebra to the known expression of eq XII.

X A H
—In XIX] — fus' 'rac l _ 1 (X|)
0.25 R \T Tom
Afuerac 1 1
In4xx = - = X1
XIXJ (Tm,rac T) ( )
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